Fatty acid desaturase (FADS) genes encode rate-limiting enzymes for the biosynthesis 7 of omega-6 and omega-3 long chain polyunsaturated fatty acids (LCPUFAs). This biosynthesis 8 is essential for individuals subsisting on LCPUFAs-poor, plant-based diets. Positive selection on 9 FADS genes has been reported in multiple populations, but its presence and pattern in Europeans 10 remain elusive. Here, with analyses of ancient and modern DNA, we demonstrated that positive 11 selection acted on the same FADS variants both before and after the advent of farming in Europe, 12 but on opposite alleles. Selection in recent farmers also varied geographically, with the strongest 13 signal in Southern Europe. These varying selection patterns concur with anthropological 14 evidence of differences in diets, and with the association of recently-adaptive alleles with higher 15 FADS1 expression and enhanced LCPUFAs biosynthesis. Genome-wide association studies 16 revealed associations of recently-adaptive alleles with not only LCPUFAs, but also other lipids 17 and decreased risk of several inflammation-related diseases. 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 2 Identifying genetic adaptations to local environment, including historical dietary practice, and 33 elucidating their implications on human health and disease are of central interest in human 34 evolutionary genomics 1 . The fatty acid desaturase (FADS) gene family consists of FADS1, 35
recent factors, such as stronger selection pressure, earlier onset of selection, or unmodeled recent 160 demographic history, might contribute to the observation of stronger selection signals in the 161 South. 162 To evaluate the potential confounding effects of varying demographic history that is not captured 163 by the model, we evaluate all variants in the 3 Mb region surrounding the FADS locus. We 164 applied the aDNA-based selection test separately for the two Southern and the two Northern 165 populations. All variants that were significant in the combined analyses (Fig. 1) were also 166 significant in each of the two separate analyses, but many exhibited much stronger signals in 167 Southern populations ( Fig. 3B; Supplementary Fig. S11 ). The maximum difference was found 168 for SNP rs4246215, whose p value in Southern populations is 12 orders of magnitude stronger 169 than that in Northern populations. SNP rs174594, rs174546 and rs174570 also have signals that 170 are several orders of magnitude stronger in the South. A further decomposition of the selection 171 test and comparison of maximum likelihoods under H0 and H1 between South and North revealed 172 that a stronger deviation under H0 in the South is driving the signal ( Supplementary Fig. S12 ). It 173 is noteworthy that the pattern of stronger signal in the South is observed only for some but not all 174 SNPs, excluding the possibility of systemic bias and pointing at variants-specific properties, 175 likely for variants that were under selection and the nearby variants in LD. Indeed, the candidate 176 adaptive haplotype D also exhibits frequency patterns that are consistent with adaptive alleles of 177 the four representative SNPs (Fig. 3C ). Hence, these results suggest that there might be stronger 178 selection pressure or earlier onset of positive selection on the FADS1-FADS2 LD block in 179 Southern Europeans.
180
Opposite selection signals in pre-Neolithic European hunter-gatherers 181 Motivated by the very different diet of pre-Neolithic European hunter-gatherers, we set to test 182 the action of natural selection on the FADS locus before the Neolithic revolution. We started by 183 examining the frequency trajectory of haplotype D, the candidate adaptive haplotype in recent 184 European history. As noted above, its frequency increased drastically in Europe after the 185 Neolithic revolution (Fig. 3C , the contrast between orange and blue bars). In stark contrast, it 186 shows a clear trajectory of decreasing frequency over time among pre-Neolithic hunter-187 gatherers 23 (Fig. 4A ): starting from 32% in the ~30,000-year-old (yo) "Věstonice cluster", 188 through 21% in the ~15,000 yo "El Mirón cluster", to 13% in the ~10,000 yo "Villabruna 189 cluster", and to being practically absent in the ~7,500 yo WSHG group. We hypothesized that 190 there was positive selection on alleles opposite to the recently adaptive ones on haplotype D.
191
To search for variants with evidence of positive selection during the pre-Neolithic period, we 192 considered the allele frequency time series for all variants around the FADS locus. We applied to 193 each variant two rigorous, recently-published Bayesian methods 24, 25 Fig. 15 ). The derived alleles of these two SNPs have similar 201 frequency trajectories during the examined period, increasing from 36% to 78% (Fig. 4B ). 0.38% (95% credible interval (CI): 0.038% -0.92%) while the estimated derived allele age is 206 57,380 years (95% CI: 157,690 -41,930 years) ( Fig. 4C, Supplementary Fig. 16 ). For 207 rs2851682, the estimated s is 0.40% (95% CI: 0.028% -1.12%) while its derived allele age is 208 53,440 years (95% CI: 139,620 -39,320 years) ( Fig. 4D, Supplementary Fig. 17 ). In addition to 209 these two SNPs, ApproxWF 25 revealed significant signals for 44 SNPs in the FADS1-FADS2 LD 210 block ( Supplementary Fig. 14) , including rs174546 and rs174594, whose ancestral allele 211 frequencies increased from about 65% to almost fixation ( Fig. 4B ). Importantly, these SNPs have 212 similar estimated s (0.28% -0.62%) and their adaptive alleles are alternative (or opposite) to the 213 ones under selection in recent history.
214
Considering the haplotype structure of the FADS1-FADS2 LD block ( Fig. 5A ), we identified a 215 haplotype (referred to as M2), which is comprised of alleles that are mostly alternative to those 216 on haplotype D ( Supplementary Fig. S4 ). M2 appears in modern Europeans at a frequency of 217 10% but is much more common in Eskimos from Eastern Siberia, presumably for similar reasons 218 that the derived allele of rs174570 is prevalent in Greenlandic Inuit. M2 exhibits increasing 219 frequency over time in pre-Neolithic hunter-gatherers ( Supplementary Table S2 ), suggesting that 220 the allele(s) targeted by selection during that period are likely on M2. while D and M3 are more distant (Fig. 5A ). Among the Out-of-Africa ancestors, the frequencies 230 of D and M2 were probably ~35% and ~27% because those frequencies were observed in both 231 the oldest European hunter-gatherer group, the ~30,000 yo "Věstonice cluster", and the ~14,500 232 yo Epipalaeolithic Natufian hunter-gatherers in the Levant (Fig. 5B , Supplementary Table S3 ).
233
Among pre-Neolithic European hunter-gatherers, positive selection on M2 increased its 234 frequency from 29% to 56% from approximately 30,000 to 7,500 ya, while the D haplotype and Steppe-Ancestry pastoralists, D was re-introduced into Europe. Since the Neolithic 237 revolution, positive selection on D increased its frequency dramatically to 63% while that of M2 238 has decreased to only 10% among present-day Europeans. Globally, D is also present at high 239 frequency in South Asia (82%) but absent in modern-day Eskimos (Fig. 5C ). In contract, M2 has 240 very low frequency in South Asia (3%) but moderate frequency in Eskimos (27%). Further haplotypes, but with discrepancies providing insights into casual variants and allele ages. One 246 major discrepancy was found in Africa. The derived alleles of rs174570 and rs2851682 remain 247 almost absent in Africa, consistent with their allele age estimates of ~55,000 years (Figs. 4C and 248 4D) and ruling out their involvement in the positive selection on FADS genes in Africa 5,6,8 .
249
Considering the much weaker LD structure of the FADS locus in Africa ( Supplementary Fig.   250 24), it is possible that selection in Africa may be on haplotypes and variants that are different 251 from those in Europe.
252

Functional and medical implications of adaptive variants 253
Previous studies on adaptive evolution of the FADS locus suggested that adaptive alleles are 254 associated with expression levels of FADS genes 5, 6, 8 . To test this possibility in the context of this 255 large-sale analysis, we considered data from the Genotype-Tissue Expression (GTEx) project 27 .
256
Our results point to many SNPs on the FADS1-FADS2 LD block being eQTLs of FADS genes.
257
Out of a total of 44 tissues, these eQTLs at genome-wide significance level are associated with 258 the expression of FADS1, FADS2, and FADS3 in 12, 23, and 4 tissues, respectively, for a total of 259 27 tissues . Considering the peak SNP rs174594 alone, nominally 260 significant associations with these three genes were found in 29, 28 and 4 tissues, respectively.
261
Importantly, out of these tissues with association signals, the adaptive allele in recent European 262 history is associated with higher expression of FADS1, lower expression of FADS2 and higher 263 expression of FADS3 in 28, 27 and 4 tissues, respectively. The general trend that recently 264 adaptive allele is associated with higher expression of FADS1 but lower expression of FADS2 265 was also observed for other representative SNPs (rs174546, rs174570, and rs2851682). with decreased cis/trans-18:2 fatty acids 37 , which in turn is associated with lower risks for 285 systemic inflammation and cardiac death 37 . Consistently, these alleles are also associated with 286 decreased resting heart rate 38, 39 , which reduces risks of cardiovascular disease and mortality. (3) 287 8 With regards to other lipid levels, recently adaptive alleles have been associated with higher 288 levels of high-density lipoprotein cholesterol (HDL) 40-45 , low-density lipoprotein cholesterol 289 (LDL) [40] [41] [42] 46 and total cholesterol 40-42 , but with lower levels of triglycerides 40,41,44,45 . (4) In terms 290 of direct association with disease risk, these alleles are associated with lower risk of 291 inflammatory bowel diseases, both Crohn's disease [47] [48] [49] and ulcerative colitis 49 , and of bipolar 292 disorder 50 .
293
Going beyond known associations from the GWAS catalog, we analyzed data from the two 294 sequencing cohorts of the UK10K study. Focusing on the peak SNP rs174594, we confirmed the 295 association of the recently adaptive allele with higher levels of TC, LDL, and HDL. We further 296 revealed its association with higher levels of additional lipids, Apo A1 and Apo B 297 ( Supplementary Fig. 28 ). Taken together, recently adaptive alleles, beyond their direct 298 association with fatty acid levels, are associated with factors that are mostly protective against 299 inflammatory and cardiovascular diseases, and indeed show direct association with decreased 300 risk of inflammatory bowel diseases.
301
Discussion
302
Recent positive selection on FADS genes after the Neolithic revolution in Europe has been 303 previously reported 11 . Here, we provided a more detailed view of this recent selection and 304 revealed that it varied geographically, between the North and the South (Figs. 1-3 ). We further 305 discovered a unique phenomenon that before the Neolithic revolution, the same variants were 306 also subject to positive selection, but with the opposite alleles being selected (Fig. 4) . We 307 showed that alleles diminishing LCPUFAs biosynthesis were adaptive before the Neolithic 308 revolution, while alleles enhancing LCPUFAs biosynthesis were adaptive after the Neolithic 309 revolution. In Supplementary Notes, we provided detailed discussions of our results, including 1) is critical for human health 56 . Hence, it is also plausible that positive selection in hunter-gatherers 327 was in response to an unbalanced omega-6 to omega-3 ratio (e.g. too much omega-3 LCPUFAs).
328
Positive selection on FADS genes has also been observed in modern Greenlandic Inuit, who 329 subsist on a seafood diet 9 . Specifically, the derived allele of rs174570 exhibits positive selection Mediterranean basin 66, 67 . It is noteworthy that historic dairying practice in Northwestern Europe 358 has driven the adaptive evolution of lactase persistence in Europe to reach the highest prevalence 359 in this region 64 . In this study, we observed that recent selection signals for alleles enhancing 360 LCPUFAs biosynthesis are stronger in Southern than in Northern Europeans, even after 361 considering the later arrival of farming and the lower starting allele frequencies in the North. The 362 higher aquatic contribution and stronger reliance on animal meat and milk might be responsible 363 for a weaker selection pressure in the North. However, since GWAS results have unraveled 364 many traits and diseases associated with FADS genes, it is possible that other environmental 365 factors beyond diet were involved.
366
Conclusions
367
We presented several lines of evidence for positive selection on FADS genes in Europe and for 368 its geographically and temporally varying patterns. These patterns concur with mounting 369 anthropological evidence of geographical variability and historical change in dietary patterns.
370
Specifically, in pre-Neolithic hunter-gatherers subsisting on animal-based diets with significant 371 aquatic contribution, LCPUFAs-synthesis-diminishing alleles have been adaptive. In recent 372 European farmers subsisting on plant-heavy diets, LCPUFAs-synthesis-enhancing alleles have 373 been adaptive. Importantly, these are not simply any alleles with opposite functional consequence, but are alternative alleles of the same variants such that when one is under 375 selection and increases in frequency, the other will decrease in frequency. To the best of our 376 knowledge, this is the first example of its kind in humans. Moreover, we reported geographically 377 varying patterns of recent selection that are in line with a stronger dietary reliance on plants in Western hunter-gatherers that were originally included in the "Villabruna cluster" 23 , but we 401 included them in WSHG in the current study because of their similar ages in addition to genetic 402 affinity 11 . In haplotype network analysis, all aDNAs included in the two aDNA-based selection 403 tests were also included. In addition, we included some well-known ancient samples, such as the used as the reference panel 7 . Imputation was performed for a 5-Mb region surrounding the FADS 429 locus (hg19:chr11: 59,100,000-64,100,000), although most of our analysis was restricted to a 200 430 kb region (hg19:chr11:61,500,000-61,700,000). For most of our analysis (e.g. estimated allele 431 count or frequency for each group), genotype probabilities were taken into account without 432 setting a specific cutoff. For haplotype-based analysis (e.g. estimated haplotype frequency for 433 each group), a cutoff of 0.8 was enforced and haplotypes were defined with missing data and 434 following the phasing information from imputation.
435
Genotype imputation for aDNA has been shown to be desirable and reliable 74 . We also evaluated 436 the imputation quality for aDNA by comparing with the two modern data sets (Supplementary 437 Fig. S29 ). Overall, the imputation accuracy for ungenotyped SNPs, measured with allelic R 2 and 438 dosage R 2 , is comparable between aDNA and HGDP, but is higher in aDNA when compared 439 with POPRES. Note that sample sizes are much larger for HGDP (N=939) and POPRES 440 (N=3,192), compared to aDNA (N=325). The comparable or even higher imputation quality in 441 aDNA was achieved because of the higher density of genotyped SNPs in the region. with all 1000GP European samples, we applied an iterative algorithm 77 to merge haplotypes that 454 have no more than three nucleotide differences by removing the differing SNPs. The algorithm 455 12 stops when all remaining haplotypes are more than 3 nucleotides away. With this procedure, we 456 were able to reduce the number of total haplotypes from 81 to 12, with the number of SNPs 457 decreased from 88 to 34 ( Supplementary Fig. S30 ). This set of 34 representative SNPs was used 458 in all haplotype-based analysis in aDNA, 1000GP, HGDP and POPRES. Missing data (e.g. from 459 a low imputation genotype probability) were included in the haplotype network analysis.
460
Of note, for the 12 haplotypes identified in 1000GP European samples, only five of them have 461 frequency higher than 1% ( Supplementary Table S2 ). These five haplotypes were designated as 462 D, M1, M2, M3 and M4, from the most common to the least. Table S1 ). For modern European populations in 1000G, the 468 proportions of these three ancestral sources estimated at genome-wide level are (0.196, 0.257, this statistic in a previous genome-wide analysis and a λ = 1.38 was used for correction 11 .
488
Following this, we applied the same factor in correcting the p values in our analysis. For 489 genotyped SNPs previously tested, similar scales of statistical significance were observed as in 490 the previous study ( Supplementary Fig. 31 ). We note that for the purpose of refining the performed separately in each of the five European populations from 1000G and each of the two 535 cohorts from UK10K. For SFS-based tests, we calculated genetic diversity (π), Tajima's D 78 , and 536 window approach (window size = 5 kb and moving step = 1 kb). Statistical significance for these 538 statistics were assessed using the genome-wide empirical distribution. Haplotype-based tests, 539 including iHS 80 and nSL 21 , were calculated using software selscan (version 1.1.0a) 81 . Only 540 common biallelic variants (MAF > 5%) were included in the analysis. Genetic variants without 541 ancestral information were excluded. These two statistics were normalized in frequency bins (1% 542 interval) and the statistical significance of the normalized iHS and nSL were evaluated with the 543 empirical genome-wide distribution. The haplotype bifurcation diagrams and EHH decay plots 544 were drawn using an R package, rehh 82 . Singleton Density Score (SDS) based on UK10K was 545 directly retrieved from a previous study 22 .
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